Abstract The high incidence of double-gene deletions in a-thalassaemia increases the risk of having pregnancies with homozygous a 0 -thalassaemia, the cause of the lethal haemoglobin (Hb) Bart's hydrops fetalis syndrome. Preimplantation genetic diagnosis (PGD) has played an important role in preventing such cases. However, the current gap-PCR based PGD protocol for deletional a-thalassaemia requires specific primer design for each specific deletion. A universal PGD assay applicable to all common deletional determinants of Hb Bart's hydrops fetalis syndrome has been developed. Microsatellite markers 16PTEL05 and 16PTEL06 within the a-globin gene cluster were co-amplified with a third microsatellite marker outside the affected region in a multiplex-PCR reaction and analysed by capillary electrophoresis. Eight informed couples at risk of having Hb Bart's hydrops fetalis were recruited in this study and all patients underwent standard procedures associated with IVF. A total of 47 embryos were analysed. Three pregnancies Author's personal copy were achieved from three couples, with the births of two healthy babies and one ongoing pregnancy. This work has successfully adapted an earlier protocol and developed a simple and reliable single-cell assay applicable to PGD of Hb Bart's hydrops fetalis syndrome regardless of type of deletion.
ARTICLE
Simplified PGD of common determinants of haemoglobin Bart's hydrops fetalis syndrome using multiplex-microsatellite PCR As one of the most common genetic disorders worldwide, a-thalassaemia constitutes a significant healthcare burden in many countries. Homozygosity for double a-globin gene deletions in cis, which results in complete lack of the a-globin peptide, accounts for most of the severe lethal cases (Weatherall and Clegg, 2001) . Among the double-gene deletions in cis, --SEA , --FIL and --THAI are prevalent in Southeast Asia, while --MED and À(a) 20.5 are common in the Mediterranean region (Ng and Law, 2003; Weatherall, 2001) . In Southern China, the double-gene deletion carrier frequency is 11.9% (Cai et al., 2002) . This high incidence of double-gene deletions increases the risk of having pregnancies with homozygous a 0 -thalassaemia, the cause of the lethal Hb Bart's hydrops fetalis syndrome. For example, the --SEA and --FIL deletions account for 98.8% of Hb Bart's hydrops fetalis syndrome cases in Taiwan (Higgs et al., 1999; Ko et al., 1991) . This disorder also carries risks to the mother, including eclampsia and other post-partum complications (Chui and Waye, 1998; Guy et al., 1985; Ko et al., 1991; Liang et al., 1985) . Prenatal diagnosis and preimplantation genetic diagnosis (PGD) play an important role in preventing such cases. PGD involves IVF followed by determination of the genetic status of embryos so that only the unaffected embryos are transferred to establish pregnancy. Therefore, PGD may be an attractive option for at-risk couples who have had multiple affected pregnancies and resultant terminations, who have religious or cultural objections to pregnancy terminations or who are secondarily sub-fertile and require assisted reproduction.
Previously reported PGD tests for Hb Bart's hydrops fetalis syndrome utilize gap polymerase chain reaction (gap-PCR) to amplify across the specific deletion junction (Chan et al., 2006; Deng et al., 2006; Kuliev et al., 2005; Xu et al., 2009; Yap et al., 2009b) . To detect the double-gene deletions in the a-globin gene cluster, specific gap-PCR primer sets have to be employed. In cases where the at-risk partners each carry a different a-thalassaemia double-gene deletion, multiplex gap-PCR involving two primer sets are necessary to detect the two different deletions. As a result, depending on the types of deletions present in the at-risk couple, different combinations of gap-PCR primer sets may need to be optimized. Moreover, if repetitive Alu sequences reside close to a deletion breakpoint junction, this may place constraints on the ability to design close proximity primers that generate easily amplifiable small gap-PCR fragments. As a result, pre-amplification of larger fragments (>500 bp) prior to nested PCR of smaller fragments may be necessary to achieve specific amplification and detection of the deletion junction from single cells.
A fluorescent multiplex PCR assay has been recently developed for prenatal diagnosis of Hb Bart's hydrops fetalis syndrome, based on the amplification of two polymorphic microsatellite markers located in the a-globin gene cluster and lying within the deletion breakpoints of several common double-gene deletions (--SEA , --FIL , --THAI , --MED and À(a) 20.5 ) (Ho et al., 2007) . This strategy has now been adapted to enable simplified PGD of Hb Bart's hydrops fetalis syndrome. This study describes the first eight cases of PGD for Hb Bart's that have been performed using this new strategy, with two unaffected births and one ongoing pregnancy.
Materials and methods

Patients
Eight couples were recruited for this study. In six couples, both partners carried the common Southeast Asian a-globin double-gene deletion (aa/--SEA ). In the other two couples, one partner was heterozygous for the --SEA deletion while the other partner carried the --FIL double-gene deletion. The PGD procedures were performed under a study protocol approved by the Domain-Specific Review Board of the National Healthcare Group (C/00/549) and under the Health Services Development Program of the Singapore Ministry of Health. Oocytes were obtained from female partners after ovarian stimulation with recombinant FSH and were fertilized by intra-cytoplasmic sperm injection resulting in embryos. On day 3, embryos at the 6-10 cell stage were biopsied by zona drilling, using either an acidic Tyrodes solution (Yap et al., 2009a) or a 1.44 lm diode laser (Research Instruments, UK) after a 5-min incubation in Ca 2+ /Mg 2+ free biopsy medium (Irvine Scientific, USA) (Dumoulin et al., 1998) . Up to two blastomeres were removed through the zona opening. Blastomeres were washed by sequential transfer into five droplets containing 1· phosphate buffered saline (PBS) containing 0.4% bovine serum albumin (BSA) before being transferred in a 0.5 ll volume into 0.2 ml tubes. From the last wash droplet, a 0.5 ll volume of wash buffer was transferred into a 0.2 ml tube to serve as a media blank.
Single-cell processing
For preclinical validation of the 16PTEL markers, lymphoblasts were isolated from a normal cell line that was heterozygous at the 16PTEL05 and 16PTEL06 microsatellite loci. For each case, genomic DNA from the couple was tested to select an informative unlinked marker for use in the PGD, after which validation was performed on their single lymphocytes. Cells were washed three times in 15 ml of wash buffer (1· PBS containing 0.4% BSA) by centrifugation at 300 g for 5 min each time. The final cell pellet was re-suspended in 1-2 ml of wash buffer and individual lymphocytes were isolated under a compound microscope (Olympus, BHT) at ·100 magnification.
Single-cell multiplex-PCR assay
Each cell/blastomere was transferred into a 0.2 ml reaction tube containing 5 ll of lysis buffer (0.2 mol/l potassium hydroxide, pH 14.0). Reaction tubes were incubated at 65°C for 10 min, after which 5 ll of neutralization buffer (0.2 mol/l Tricine, pH 5.7) was added. A single round of multiplex-PCR amplification was employed, involving previously published primers for the 16PTEL05 and 16PTEL06 microsatellite markers (Ho et al., 2007) that reside within the a-globin gene cluster ( Figure 1 ) and a third informative microsatellite marker that is unlinked to this region. The unlinked markers were HUMTHO1 (Kuliev et al., 1998) , D7S2847 (Goh et al., 2007 ) D16S539 (Ho et al., 2007) , and D18S51. Amplifications were performed in a volume of 50 ll containing the three pairs of fluorescently-labelled PCR primers at different concentrations (Table 1) , 0.2 mmol/l of each deoxyribonucleotide triphosphate (dNTP) (Roche Biochemicals) and 2 units of HotStarTaq DNA polymerase (Qiagen) in 1· PCR buffer containing 1.5 mmol/l MgCl 2 . Thermal cycling was performed in a GeneAmp PCR System 9700 (Applied Biosystems), with an initial 15 min enzyme activation at 95°C, followed by 45 cycles of 98°C denaturation for 45 sec, 60°C annealing for 1 min and 72°C extension for 1 min, and a final 5 min extension at 72°C. PCR products were resolved in an ABI PRISM 3130XL Genetic Analyzer with GeneScan -500 ROX size standard and analysed using GeneMapper software v4.0 (Applied Biosystems).
Results
Both the 16PTEL05 and 16PTEL06 microsatellites lie within the deletion intervals of the three most common Southeast Asian double-gene deletions (--SEA , --FIL and --THAI ) (Figure 1) . The multiplex PCR amplifies the 16PTEL05 and 16PTEL06 microsatellites together with a third microsatellite locus (D7S2847, D16S539, D18S51 or HUMTH01), which serves as a control for PCR success while simultaneously monitoring for exogenous DNA contamination and bi-allelic inheritance of parental alleles. When a carrier couple is fully informative at the 16PTEL05 and 16PTEL06 loci, an unaffected embryo should carry both the maternal and paternal alleles at both loci, while a carrier embryo will carry either the maternal or paternal alleles at both loci. In marked contrast, complete absence of any allele in both 16PTEL05 and 16PTEL06 indicates inheritance of the chromosome 16 with the double-gene deletion from both parents and the embryo is expected to be affected with Hb Bart's hydrops fetalis syndrome.
Prior to clinical application, the assay was validated on single lymphoblasts from a normal cell line that was heterozygous at the 16PTEL05 and 16PTEL06 loci and the results are summarized in Table 2 . Of 96 cells tested, 92 cells (95.8%) generated an amplification signal from at least one 16PTEL locus, of which 88 cells (95.7%) successfully amplified both loci. The allele dropout (ADO) rates for 16PTEL05 and 16PTEL06 were 4.5% and 6.6%, respectively. However, among the cells where both loci amplified, the incidence of concurrent ADO of both 16PTEL05 and 16PTEL06 was only 2.3% (2/88). These results illustrate the importance of multiplexing the 16PTEL05 and 16PTEL06 loci to increase the genotyping accuracy of this PGD assay.
Prior to the start of each PGD case, lymphocytes were isolated from the peripheral blood of each couple, and a trial assay was performed to check for successful amplification of the expected alleles at each locus. Amplification success of lymphocytes tested in triplex PCR assays using the different unlinked third markers ranged from 83.3% (case 4) to 97.7% (case 7), with ADO ranging from 0% (D16S539) to 12.5% (D18S51) depending on marker as well as allele size differences. A total of nine PGD cycles were performed on eight couples that were recruited for this protocol. Seven cycles involved couples who were both carriers for the --SEA double-gene deletion, while two cycles involved couples who were carriers for different double-gene deletions (--SEA and --FIL ). The details of each cycle are summarized in Table 3 . Three pregnancies were achieved from three couples, one arising from a frozen-thawed embryo transfer and the other two from fresh embryo transfers. The pregnancy from the frozen-thawed embryo transfer resulted in the birth of a healthy baby girl, whose a-globin genotype was subsequently confirmed to be aa/--SEA . The second pregnancy arose from a fresh transfer cycle, culminating in the birth of a healthy baby boy. The parents' consent for genotyping of the boy to confirm the PGD result could Figure 1 Schematic illustration of the a-globin gene cluster, indicating the extents of five common deletional determinants of Hb Bart's hydrops fetalis syndrome. The locations of the microsatellite markers 16PTEL05 and 16PTEL06 are indicated. Locations of the X, Y and Z sequence homology boxes and hypervariable regions (HVR) are also shown. *Also known as a D (previously named ua2).
not be obtained. However, his healthy phenotype is confirmation of his clinically unaffected status. The third pregnancy has just entered into the third trimester and a confirmatory prenatal diagnosis was not performed. Genotyping results from two PGD cases following single-round multiplex PCR are shown in Figure 2 . The GeneScan electropherograms from cycle one of case 1 ( 
Discussion
Gap-PCR amplification across the --SEA double-gene deletion junction is currently the only method available for the preimplantation prevention of Hb Bart's hydrops fetalis syndrome (Chan et al., 2006; Deng et al., 2006; Kuliev et al., 2005; Xu et al., 2009; Yap et al., 2009b) . However, there are many other deletional determinants of this disorder and all published protocols thus far are only applicable for detection of the --SEA double-gene deletion. For detection of other double-gene deletions using the gap-PCR strategy, specific primers and amplification protocols for each deletion need to be designed and optimized.
The multiplex microsatellite PCR strategy involves the amplification of two a-globin gene cluster microsatellite markers 16PTEL05 and 16PTEL06 and a third unlinked microsatellite marker (Ho et al., 2007) . 16PTEL05 is located in between the wa1 and a2 globin genes and lies within the deletion intervals of the three most common Southeast Asian double-gene deletions -- . Thus 16PTEL06 is only useful for PGD of Hb Bart's hydrops fetalis syndrome arising from homozygosity or compound heterozygosity of the Southeast Asian double-gene deletions.
The small amplicon sizes of both 16PTEL05 and 16PTEL06 (<150 bp) ensure highly efficient amplification, which is ideal for single-cell PGD applications. As a result, only a single round of PCR is sufficient to generate highly specific products that can be detected on a fluorescent fragment analyser. The elimination of a nested PCR protocol, as is used in some gap-PCR methods, saves labour and time and reduces opportunities for exogenous DNA cross contamination. Furthermore, unlike gap-PCR strategies, this method represents a 'one-protocol-fits-all strategy' that can be applied to PGD for any combination of the common Southeast Asian double-gene deletions using either or both 16PTEL05 and 16PTEL06 or to any combination of the common Mediterranean and Southeast Asian double-gene deletions when using 16PTEL05 only. One minor drawback of this strategy is that when the parental 16PTEL05 and 16PTEL06 alleles are identical, it is not possible to differentiate between a carrier (aa/-) and a normal (aa/aa) embryo, since both genotypes will have essentially identical electropherogram profiles. Nevertheless, the presence of 16PTEL product itself indicates that the embryo is not affected with Hb Bart's while absence of both markers indicates homozygous or compound heterozygous affected status. However, given the high heterozygosity index of 0.82 and 0.87 for 16PTEL05 and 16PTEL06, respectively (Ho et al., 2007) , the frequency of such a situation arising is expected to be low.
When the double-gene deletions of the partners are different, it is possible to infer the origin and even type of double-gene deletion a carrier embryo inherits if the 16PTEL05 and 16PTEL06 loci are informative. This is achieved through observing the amplicon sizes of 16PTEL05 and 16PTEL06 alleles present in the embryo, which inform on the parental origin of the intact chromosome 16. By inference, therefore, the parental origin and thus type of double-gene deletion of the deleted chromosome 16 can be determined, as illustrated in case 4 ( Figure 2B) .
Of the 47 embryos analysed in this series, 34 yielded clear diagnostic results while seven completely failed to generate any amplification product. Results for the remaining six embryos were insufficient to produce a clear diagnosis. The 85.1% of embryos (40/47) that generated an amplification signal is at the lower end of the percentage range observed preclinically (83.3-97.7%) . Thirteen of the 47 embryos (27.7%) that were tested were diagnosed as Hb Bart's affected embryos, which is close to the expected 25%. However, because there were no results from certain embryos, it is not possible to determine the true number and percentage of embryos with the three different genotypes. Amplification success and ADO are affected by many biological and technical factors that are unrelated to the accuracy of the PCR assay itself. Unlike preclinical data generated using lymphoblasts or lymphocytes picked under identical controlled conditions, clinical PGD data are generated from blastomeres of variable biological quality, derived from embryos cultured and biopsied using different techniques in different IVF laboratories. The different amplification efficiencies and ADO rates observed from the different patients' lymphocytes also reflect the different unlinked markers used and allele size differences of the three markers in the different cases, as amplification efficiencies and ADO rates would be expected to differ between the different triplex PCR assays and also vary according to the size differences between alleles at each of the three marker loci.
Of the three pregnancies arising from this study, the first pregnancy resulted in a healthy baby girl whose genotype has been confirmed as aa/--SEA . The second pregnancy resulted in a healthy baby boy, for whom parental consent for genotype confirmation could not be obtained but whose current clinically normal status is entirely consistent with a homozygous normal or carrier genotype. This is because homozygosity or compound heterozygosity for the double a-globin gene deletion is incompatible with post-natal life even if the fetus were to survive gestation to term. For the third pregnancy, the patient has also opted against prenatal genotype confirmation of the fetus. However, the pregnancy is now into its third trimester and there is no clinical evidence of fetal distress to suggest a Hb Bart's conception. Therefore, it is concluded that the earlier protocol has been successfully adapted and a simple and reliable single-cell assay applicable to PGD of Hb Bart's hydrops fetalis syndrome, regardless of type of deletion, has been developed. 
